In 1811 Humphry Davy' showed that water is a component of the phase that had earlier been thought to be solidified chlorine, and twelve years later Michael Faraday2 reported an analysis that corresponds to the formula C12*10H20. He surmised that his determination of the chlorine content was low, and later studies have indicated the composition to be close to C12 8H20. Since Faraday's time similar crystalline hydrates of many gases with small molecular volume, including the noble gases and simple hydrocarbons, have been reported. The determination of the structure of ice and the development of an understanding of the nature of the hydrogen bond have strongly suggested that these substances are clathrate compounds, with a tetrahedral hydrogen-bonded framework of water molecules (with 0-H ... 0 = 2.76 A, as in ice) defining cavities large enough to contain the other molecules.
Only recently have serious steps been taken toward determining the structure of these hydrates. About ten years ago von Stackelberg and his collaborators3' 4 made x-ray studies of some of these compounds, including the hydrates of xenon, chlorine, bromine, sulfur dioxide, hydrogen sulfide, methyl bromide, methyl iodide, ethyl chloride and chloroform. They reported that most of the crystals have a cubic unit cell with ao equal to about 12.0 A. From singl'e-crystal x-ray photographs of the hydrate of sulfur dioxide they decided on the space group Oh, and postulated a structure consisting of a framework of 48 oxygen atoms in a set of general positions x, y, z in the unit cell. With this structure each oxygen atom has neighboring oxygen atoms at a distance of about 2.4 A, and the framework has eight cavities in which the gas molecules could lie. The ideal formula would thus be M-6H20. This structure is not acceptable because of the very short 0-H ... 0 distance of 2.4 A; in addition, the hydrogen bonds Ae at angles between 600 and 1450, which differ greatly from the expected tetrahedral angle.
Claussen' then proposed a structure based on a larger cubic unit cell, Experimental Methods and Results.-A length of 6-mm. Pyrex tubing was drawn to a capillary at one end and connected to a tank of commercial chlorine. After thorough flushing, the capillary was sealed off and the end was immersed in a dry-ice-acetone bath. When some chlorine had condensed in the capillary a drop of water was admitted into the large end of the glass. tube, which -was then sealed off. Alternate warming and cooling of the capillary permitted thorough mixing of the water and chlorine. Small pale-yellow crystals soon formed in the capillary, and remained as the temperature was brought up to 0°C. A small amount of liquid chlorine also remained, showing the chlorine to be in excess and indicating a pressure of about 4 atmospheres.
The Pyrex tube was suspended, with capillary down, in a small-holed rubber stopper which, in turn, was fastened to a goniometer head by a length of stout copper wire. The solid material within the capillary was photographed in a cold room (4°C.) using copper x-radiation, a camera with radius 5 cm., and oscillation range 300. The effective camera radius was established by superimposing a powder spectrum of NaCl during an exposure of the sample; the lattice constant for NaCl at 4°C. was taken to be 5.634 A.
The diffraction pattern of the sample of chlorine hydrate consisted of powder lines on which were superimposed a large number of more intense single-crystal reflections; for some planes only the latter were visible. The intensities of the lines were estimated by comparison with a previously calibrated powder photograph, and were averaged for several films pre-14CHEMISTR Y: PA ULING A ND MA ?SH pared from different parts of the capillary (and which, accordingly, varied as to the intensities of the single-crystal reflections). Despite this precaution, it was expected that the intensity estimations would be subject to considerably larger errors than would a properly ground powder sample. The averaged intensities were corrected for Lorentz and polarization factors and were adjusted by an empirical scale factor to give values of GobS.
All of the observed reflections could be indexed on the basis of a cubic unit cell with ao = 11.82 A; the estimated probable error is 0.01 A. The only systematic absences were hhl with 1 odd; this is characteristic of the space group O-Pm3n, which also, was reported by von Stackelberg from his single-crystal work on sulfur dioxide hydrate. For 46 H20 and 6 C12-in the unit cell the calculated density is 1.26; densities reported by various observers range from 1.23 to 1.29.
In order for all of the 0H ... 0 distances within the unit cell to be the same the oxygen atoms must lie in the following positions: The oxygen atoms placed in the above positions form, in each unit cell, a framework consisting of two pentagonal dodecahedra, centered at (000) and (1,2-2 and six tetrakaidecahedra, centered at 4l2 (421°)' (-O2)' (-2°)' (4-2)' and (0-2) It soon became apparent that the agreement between calculated and observed values of G2 was markedly improved if the chlorine molecules were placed within the six tetrakaidecahedra only, leaving the dodecahedra empty. These tetrakaidecahedra have two nearly regular hexagonal faces at opposite ends, separated by twelve nearly regular pentagons, as shown in figure 1 . A cross-section taken parallel to the hexagonal faces is nearlycircular, and the equatorial diameter is considerably larger than the polar diameter (between hexagons). The figure thus is a close approximation to an oblate spheroid. If the twelve chlorine atoms are to lie in fixed positions within the tetrakaidecahedra conforming to the crystal symmetry, a pair must lie along the short polar axis. This arrangement is sterically unfavorable, and calculations based on it gave rather poor intensity agreement. Since the tetrakaidecahedra containing the chlorine molecules so nearly approximate spheroids, it was chlorine atoms, was multiplied by the factor p, where P = dhkz is the spacing of the diffracting plane, and r (= 0.99 A) is the radius of the sphere. For the circle in arrangement II the factor is J0 (P sin A), where Jo is the zero-order Bessel coefficient and 4/' is the angle between the axis of the circle and the normal to the diffracting plane hkl. Arrangement III was approximated by summing up the appropriately weighted contributions of circles with radius r cos a, taken at each 150 of latitude; the calculated structure factor for the center of each circle was multiplied by the correction factor Jo (P cos a sin 4t). As a check that 150 was a sufficiently small interval, another calculation was made in which the latitudinal circles were weighted so as to give an approximation to a uniform spherical shell; the results were essentially identical with those of arrangement I throughout the observed range of diffraction angle.
In van der Waals radius of chlorine, it is doubtful that the over-all minimum radius could drop to 3.85 A; hence one would predict that the dodecahedra are too small to accommodate the chlorine molecules. Moreover, the tetrakaidecahedra are barely long enough to hold the chlorine molecules along the polar axis; the cos2 a weighting of the density of the spherical shells representing the centers of the chlorine atoms .thus appears to be justified.
On the basis of this structure for chlorine hydrate, the empirical formula is 6Cl2. 46H20, or C12. 72/3H20. This is in fair agreement with the generally accepted formula C12. 8H20, for which Harris7 has recently provided further support. For molecules slightly smaller than chlorine, which could occupy the dodecahedra also, the predicted formula is M * 53/4H20. December 10, 1951 In a recent paper,1 we have given a statement of the homomorphism theorem for semirings,2 which is in part incorrect. We have noted this in these PROCEEDINGS, 37, 461 (1951 
